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1. INTRODUCTION 

The non-convectional energy sources play an important role in meeting the future energy demands. 
Due to the affluence of sunlight everywhere on earth surface solar photovoltaic (PV) is the most used RE 
source among all various RE technologies and is considered a very providential source of future electrical 
power generation [1], [2]. In PV system, series parallel connections of PV elements are required to match the 
load or interface parameters [3], [4]. The PV element may be cell, submodule or module. A group of series 
connected cells in a module called a submodule, and generally 2-5 submodules are there in a module. 
PV elements in a connected in series generates same amount of current operating under uniform irradiance and 
P-V and I-V characteristics had only one power peak (MPP). Mismatch in series string due to internal or 
external means results in reduced output power of entire string. Partial shading is one of the main causes of 
mismatch [5]. As a result, some portion of generated power get lost either within shaded PV element or due to 
bypass diodes. Also, activation of bypass diodes generates multiple peaks in P-V characteristics with one global 
MPP (GMPP) as in Figure 1. Under uneven irradiance the bypass diode of shaded module from PV string in 
Figure 1(a) activates and the resulted P-V characteristics is given by curve 2 Figure 1(b). 

Various PV system configurations proposed to maximize the power output by reducing the mismatch 
losses using power electronics-based solutions, classified as full power processing (FPP) and differential power 
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processing (DPP) [6], [7] shown in Figure 2. The basic principle used is to operate each module at its MPP. In 
FPP, each PV element is operated at its MPP using DC-DC converters or microinverters Figures 2(a) and 2(b). 
These techniques improve power output, but has poor power conversion efficiency since full power is 
processed at all time. Also the converter power rating should be equal to PV element [7], [8]. 
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Figure 1. PV module array (a) series connection with bypass diode and (b) P-V characteristic 


Recently differential power processing (DPP) techniques have been proposed, with improved 
conversion efficiency by processing a fraction of total power, only during mismatch condition in PV 
string [8], [9]. DPP techniques can reduce converter rating, size and cost, which mitigate mismatch at module 
level or submodule level. Series DPP architectures are categorized as: PV connected to PV (PV to PV), PV 
connected to bus (PV to bus) and PV to isolated bus (PV to IB) [6], [9], [10] Figures 2(c)-2(e) respectively. 
DPP converter used here provide the bypass path for mismatch current among PV elements and reduce the 
hotspot problem. PV module usually consists number of series connected PV submodules with bypass diodes. 
Module level mitigation methods reduce the effects of mismatching, but may not always prevent the activation 
of bypass diode at submodule level, which results in reduced power output from module. Since, in partially 
shaded PV module, the shaded submodule determines PV module current, drawn from the terminals of PV 
module, hence unshaded submodules and the whole PV string will be operating below their optimum 
power [11], [12]. DPP topologies using variety of DPP converters at submodule level are developing rapidly 
to overcome small level mismatch within the module to enhance power output capability [3], [10], [13]-[21]. 
These techniques improve the output from PV system using equal number of DPP converters as substrings in 
each module, raises to increased system cost and complexity. In [15] resonant switched-capacitor (ReSC) 
converter used in parallel at the sub-module level. Its conversion efficiency is 99% with low insertion loss but 
requires two switches per submodule. Simple energy recovery scheme presented in [8], uses combination of 
BBB and switched capacitor (SC) converters at panel level, requires minimum components, high efficiency, 
and simple control requirements. But it has two limitations i) Requires extra interconnecting DPP converter to 
interconnect two groups four PV modules and ii) Switches operates under hard switching increases losses. 
These limitations are overcome in [22], where BBB and ReSC converters are used. To reduce the control 
complexity and cost, majority of DPP topologies uses voltage equalization (VE) technique. Also, it doesn't 
require communication among the DPP converters [23]. 
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Figure 2. Mismatch mitigation techniques of (a) cascaded DC-DC converter (DCO), (b) microinverter, 
(c) PV to PV, (d) PV to bus, and (e) PV to isolated bus 
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This paper will propose simple DPP topology applied at both submodule and module level. It uses 
hybrid DPP architecture both PV to PV and PV to bus. Combination of bidirectional buck boost (BBB) and 
resonant switched capacitor (ReSC) converters are used [20]. It requires only one switch per submodule. The 
proposed architecture is easy to control, cost effective, highly efficient, modular and scalable. The paper is 
organized as in section 2 proposed DPP scheme is presented. Simulation results are presented in section 3 with 
considering various mismatch conditions. In section 4 conclusions are presented. 


2. PROPOSED SUBMODULE LEVEL DPP ARCHITECTURE 

Figure 3 show block diagram of proposed DPP architecture at submodule and module level of PV 
string of grid connected PV system with central MPPT control as well as standalone system. In this technique 
combination of bidirectional buck boost (BBB) converter and Resonant switch capacitor converter (ReSC) are 
used as DPP converters. BBB is used at SM level and ReSC at module level. Simple voltage balancing 
technique is used to operate each submodule at its MPP. These converters are active only during mismatch. 
Here it is assumed that each PV module consists of two submodules connected in series form one group. Circuit 
operation can be better described considering initially each converter working individually as follows. 


AC or DC grid 


Figure 3. Proposed DPP architecture 


2.1. Working principle 

In proposed submodule level DPP architecture PV module is assumed to have two submodules (SM) 
forms one group and such two submodule groups (two PV modules) forms another group. BBB converter is 
used to compensate the mismatching between two submodules within a group. The ReSC is used to compensate 
the mismatch within a group of two PV modules. Two mismatch cases are considered: in first case mismatch 
is assumed between submodules of one module and in second case the mismatch between two neighboring 
modules is considered. The working principle of proposed submodule level DPP architecture is explained in 
following subsections. 


2.1.1. Case 1: operation under uneven shading on submodules within one module 

Figure 4 show mismatch mitigation within group of submodules. The substrings associated within 
group consists of submodules SM1 and SM2 connected to BBB converter Figure 4(a). This converter 
compensates the mismatch current between two neighboring submodules within the module. The value of 
inductor L and C is determined from (1) and (2) respectively. 


D Voc 
~ 2 fsAlL (D) 

D 
m 8 f2L AV (2) 


Where AIL and AV are ripple in inductor current and string output voltage, fs is switching frequency, D duty 
ration and Voc open circuit module voltage. Consider SM1 is shaded and SM2 is operating at its full irradiance, 
hence Ism2 > Ism1. The circuit cycle of operation within the module is discussed in steps. 

For step 1 operation S» is turned ON and S; OFF Figure 4(b). The mismatch current Ism2-Ism=Iz flows 
through L and S». Current in inductor increases linearly and part of energy from fully irradiated SM2 
temporarily stored in it. In second step, switch S» turned OFF and S; ON conducting reversely trough body 
diode as in Figure 4(c) and release the stored energy from L to load to compensate the current (Isı) of shaded 
submodule (SM1). Since switches are operated at fixed duty cycle of 0.5, both the switch average current is 
half of the average inductor current IL. The module current Im is supplied to load from M1 is calculated by 
writing KCL equations at X and Y nodes. 
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KCL at X: Imi = Ima + 151 KCL at Y: Imi = Ism2 — I2 (3) 
But l= I = I[;/2, hence: 


Ism Ism 
Lo (4) 
from (4), load current (IMPPT) is supplied from shaded as well as unshaded SM. The energy from shaded 
module is (SM2) is recovered and transferred to load, results in increased energy yield. With bypass diode 
technique, energy from shaded SM is zero. 
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Figure 4. Mismatch mitigation of (a) BBB converter connection, (b) step | operation, and (c) step 2 operation 


2.1.2. Case 2: operation under uneven shading between neighboring modules 

Figure 5 show mismatch mitigation between two modules. Two submodules of one module considered 
as a one group. Group M1 formed by two submodules of module M1 and group M2 formed by two submodules 
of module M2. The mismatch mitigation between two groups M1 and M2 is handled by ReSC as in 
Figure 5(a). Assume group M1 submodules are shaded and group M2 unshaded. The current Imi<Im2 and 
voltages of M1 and M2 are Vmı<Vm2, where Vai=VsmitVsm2 and Vm2=V sm3+Vsm4 and Vsmi, Vsmo, Vsm3, V sm4 
submodule voltages. Now the mismatch power is processed through ReSC, and supplied to load. To understand 
this operation BBB converter is removed since only ReSC converter is involved in this operation and is 
explained in steps. Values of resonant converter components L, and C; selected using (5). 


Jd 
21 JLrCy 


fud (5) 


Where f, is resonant frequency. 

In step 1 switches S? and S4 are simultaneously turned ON where as S; and S3 are turned OFF. Sz is 
conducting reversely through body diode as in Figure 5(b). Capacitor (C;) start charging and energy from 
unshaded module (M2) get temporarily stored in it. In step2, switches S; and S3 are turned ON where as S5 and 
S4 are turned OFF simultaneously Figure 5(c). The capacitor gets discharged and stored energy get released to 
load and the MPP current derived similar to BBB converter given as (4). 


Ipy = "ues (6) 
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The (6) shows that the MPP current is contributed by both shaded and nonshaded module and hence improves 
energy yield. Each DPP converters are operated at 50% duty ratio, therefore the submodule voltages get 
equalized during mismatch. 


Vom1d1 = Vsm2d2 Where d4 = d, = 0.5 duty ratio of DPP, hence Ven, = Vsm2 


(b) 


Figure 5. ReSC operation using (a) ReSc connections, (b) step 1 operation, and (c) step 2 operation 


3. SIMULATION STUDY AND PERFORMANCE ANALYSIS 

The proposed hybrid mismatch mitigation is validated using MATLAB Simulink simulation is shown 
in Figure 6. A 1 kW PV system, having four series connected PV modules are used. Each module has maximum 
power output of 250 W at STC of 1000 W/m? and 25 °C. Other parameters used in simulation model are given 
in Table 1. The proposed system practical applicability is tested for different shading conditions in Figure 7. 
These shading conditions are considered for naturally occurring shading events such as dust accumulation, bird 
dropping, clouding, tree shading, overhead wires, and or tall building nearby. Irradiance levels of PV module 
or submodules for these shading events are given in Table 2. System output performance is verified for different 
partial shading conditions as given in Figure 7 and compared with theoretical, bypass diode and module level 
DPP techniques. 
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Figure 6. Simulation model of proposed PV system 
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Table 1. Simulation model parameters 


S.N. Model element Parameter value 
1 PV module Series cells:60; Pm=250 W; Voc=37.8 V; Isc=8.56 A, Imp=8.06 A; Vm=31 V 
2 L,=L2 0.2 mH 
3 C,2C;2C;2C, 470 uF 
4 L. 1 uH 
5 C 10 uF 
6 f 50 kHz 
7 di2d; 0 5 


Table 2. Irradiance level for shading events 
S.L. Shading event Irradiance level (W/m?) 
Dust accumulation 500-800 
Tree shade 400-600 
Bird dropping 100-300 
Clouding 200-700 
Overhead wire 300-700 
Tall building 200-500 
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Figure 7. Partial shading conditions 


Figure 8 shows the PV system output current, power and voltage for shading conditions PS1 to PS14. 
The results show that for all partial shading condition, MPP is tracked and power output almost matches with 
the theoretical power. With proposed SMLDPP PV system power output get improved, and by operating each 
submodule at its approximate MPP. Also, in the P-V characteristic only one MPP appears, which can get 
tracked by simple conventional MPPT algorithm. Under shading conditions PV system voltage (Vpv) is 
maintained almost constant to 124 V, that equalized across all module and submodules of PV string. This 
shows that all the modules and submodules under any partial condition supply IMPPT current which increases 
the system power output. Figure 9 show P-V characteristics of PV system under various shading conditions, 
which shows only one MPP. 

The output power generated at submodule level DPP(SMLDPP) is greater than the module level 
(MLDPP) for nonuniform partial shading conditions over module. For comparison the performance parameters 
of PV system such as mismatch loss (Mz), conversion efficiency (jc) and power improvement (AP;) under 
given partial shadings are calculated using following equations [24], [25]. Mismatch loss (Mr) is the difference 
between the power generated at unshaded (P sa) and shaded (P,4) conditions for a given technique. 


96M, — ed x 100 (7) 


usd 


Power conversion efficiency (ne) is the ratio between power output for shading condition (P4) to the theoretical 
power output for same shading (P;,,4). 


9n, = ue x 100 (8) 
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Power improvement (AP;) is the percentage change in power employing proposed technique (Pp;) with respect 
to other technique (Po). 


AP, = Pt Pot x 100 (9) 
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Figure 8. Simulation waveforms Ipv, Ppy, and V, for partial shading conditions 
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Figure 9. P-V characteristics under partial shading (PS1-PS14) with four mitigation techniques and MPP 
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It observed from simulation results Table 3 and performance characteristics Figure 10, for PS 
conditions PS2, PS4, PS6, PS8 the shading is uniform over module, the output power generated by MLDPP 
and SMLDPP is almost equal, similarly for bypass diode BD-1 and BD-2 are equal. For nonuniform shading 
conditions between submodules of a modules like PS1, PS3, PS5, PS7, PS9-PS14 the performance of SMDPP 
is better than other techniques. Mismatch loss is reduced to 1% using SMLDPP technique, with power 
conversion efficiency of 99%. Power improvement using proposed SMLDPP compared with MLDPP is varies 
from 5 to 32% under nonuniform shading over a module. 


Table 3. Performance parameters under partial shading with different mitigation techniques 
Shading Mitigation Technique Pa(W) Pa(W) %ML(7) %n:(8) %AP; w.r.t. (MLDPP) (9) 


PS1 BD-1 937 742 20.81 79.18 - 
BD-2 865 7.68 92.31 - 
MLDPP 871 7.04 92.95 - 
SMLDPP 934 0.32 99.37 6.74 
PS2 BD-1 875 742 15.20 84.8 - 
BD-2 734 16.11 83.88 - 
MLDPP 871 0.45 99.54 - 
SMDPP 871 0.45 99.54 0 
PS3 BD-1 812 542 33.25 66.74 
BD-2 603 25.73 74.26 - 
MLDPP 745 8.25 91.74 - 
SMDPP 808 0.49 99.50 7.79 
PS4 BD-1 750 542 27.73 72.26 - 
BD-2 540 28.00 72.00 - 
MLDPP 745 0.66 99.33 - 
SMDPP 745 0.66 99.33 0 
PS5 BD-1 687 520 24.3 75.69 
BD-2 530 22.85 71.14 - 
MLDPP 621 9.60 90.39 - 
SMDPP 683 0.58 99.4] 9.07 
PS6 BD-1 625 520 16.80 83.20 - 
BD-2 518 17.12 82.88 - 
MLDPP 621 0.64 99.36 - 
SMDPP 621 0.64 99.36 0 
PS7 BD-1 562 500 11.03 88.96 
BD-2 508 9.6 90.39 - 
MLDPP 498 0.17 88.61 - 
SMDPP 560 0.35 99.62 11.07 
PS8 BD-1 500 498 0.40 99.60 - 
BD-2 498 0.40 99.60 - 
MLDPP 498 0.40 99.60 - 
SMDPP 498 0.40 99.60 0 
PS9 BD-1 850 742 12.7 87.29 
BD-2 734 13.64 86.35 - 
MLDPP 819 3.64 96.35 - 
SMDPP 845 0.58 99.41 3.07 
PS10 BD-1 750 486 39:2 64.80 - 
BD-2 603 19.60 80.40 - 
MLDPP 630 16.00 84.00 - 
SMDPP 743 0.93 99.06 15.30 
PS11 BD-1 675 485 28.14 71.85 - 
BD-2 471 30.22 69.77 - 
MLDPP 630 6.66 93.33 - 
SMDPP 670 0.74 99.25 5.97 
PS12 BD-1 625 327 94.08 52.32 - 
BD-2 343 45.12 54.88 - 
MLDPP 530 15.20 84.80 - 
SMDPP 620 0.80 99.20 14.51 
PS13 BD-1 475 169 64.42 35.57 - 
BD-2 271 42.94 57.05 - 
MLDPP 315 33.68 66.31 - 
SMDPP 470 1.05 98.94 32.97 
PS14 BD-1 450 169 62.44 37.55 - 
BD-2 271 39.77 60.22 - 
MLDPP 315 30.00 70.00 - 
SMDPP 445 1.11 98.88 29.21 
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Figure 10. Performance characteristics for various partial shading conditions 
4. CONCLUSION 


Among the various partial shading mitigation techniques, the proposed SMLDPP technique reduces 


mismatch loss to 1%. The power conversion efficiency also near to 98-99% which is greater than bypass diode 
and MLDPP technique for any type shading condition. Power improvement of 5 to 32% over MLDPP justify 
the increased cost of hardware. This technique is modular and scalable and used for PV module series string 


with 


N 1, 2, 3, .....) number of modules. It operates each module and submodule in series PV string at 


approximate MPP. Simple to control, scalable to any size of PV string is added advantage of this architecture. 


The 


use of soft switching DPP converter further enhance the system efficiency. 
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